Background: In 2 previous clinical trials, fingertip capillary blood samples were evaluated using prespecified blood glucose monitoring systems (BGMSs) and a reference YSI glucose analyzer. In post hoc analyses, hypothetical insulin doses were calculated using these blood glucose measurements; dosing errors were compared for each trial.
Original Article
Self-monitoring of blood glucose (SMBG) can serve to motivate individuals with diabetes to improve their self-care practices as they see the effects of lifestyle choices (eg, physical activity and meal planning) on their blood glucose levels. 1 SMBG results can also be used to determine appropriate insulin doses for individuals who use insulin. Knowledge of their measured blood glucose levels, as opposed to their selfestimated blood glucose levels (ie, testing versus guessing), can give people with diabetes more confidence in adjusting their insulin doses. 1 For example, in a study in which subjects were asked to estimate their current blood glucose before learning their blood glucose value using a blood glucose monitoring system (BGMS), 98% agreed or responded neutrally to the statement "Knowing my blood sugar by checking gives me more confidence in adjusting my daily insulin dose." 1 In addition, SMBG results can be used by people who take oral diabetes medications to guide decisions regarding medication adjustments. 2 Modeling analyses have demonstrated that blood glucose measurement error can lead to insulin dosing inaccuracy. [3] [4] [5] The effect of measurement error on insulin dosing may be further influenced by inaccurate carbohydrate estimation. 6 A simulation model showed that while both BGMS error and carbohydrate estimation contribute to insulin dosing accuracy, BGMSs with the best performance are associated with the greatest likelihood of on-target insulin doses. 5 These potential insulin dosing errors could result in adverse blood glucose outcomes, such as clinically significant hypoglycemia or hyperglycemia, as shown in other modeling analyses. Another previous modeling analysis demonstrated that differences in performance can exist between BGMSs that meet accuracy standards. 9 Yet another modeling analysis examined the relationship between BGMS error and the risk of hypoglycemia. 10 In this article, we present a model that adds to the previous analyses and further demonstrates that blood glucose measurement error can lead to insulin dosing inaccuracies.
In each of 2 previous clinical trials, the differences in accuracy between the CONTOUR ® NEXT EZ BGMS (EZ; Clinical Trial 1) and the CONTOUR ® NEXT BGMS (CN; Clinical Trial 2) and 4 and 5 other BGMSs, respectively, were evaluated. 11, 12 For both trials, mean absolute relative difference (MARD) from the reference value was used to assess accuracy; EZ and CN each had a statistically significantly lower MARD compared with the other BGMSs in their respective studies. In the post hoc analyses presented herein, blood glucose measurements generated in the previous trials were used to calculate bolus insulin dosing for a hypothetical person with diabetes. The resulting errors in bolus insulin dosing for EZ and CN were compared with those of the other BGMSs in the corresponding trial. The objective of these analyses was to determine and compare the distribution of bolus insulin dosing errors that may result from inaccuracies in blood glucose measurements.
Methods

Clinical Trial Design
Clinical Trial 1. In a previous study, 11 fingertip capillary blood samples from 146 subjects were tested using 5 BGMSs. 
Assessments and Analyses
Blood Glucose Measurement Accuracy. In both clinical trials, unmodified and modified blood samples were tested. Subjects did not test their own blood using the BGMSs; all blood sample testing was performed by trained study staff. Recognizing the potential impact of sample modification on glucose oxidase-based meters, the post hoc analyses shown here are based on unmodified samples only. Unmodified blood samples best represent the hypothetical scenario in these analyses (a person using BGMS results to determine an appropriate bolus insulin dose). The calibration method used by each manufacturer for their BGMS can be found in Appendix 1 of the Supplementary Materials available online. Blood glucose measurements were randomly sampled, and these analyses did not attempt to identify "target ranges" for each subject.
Insulin Dose Error. The specific scenario under consideration in these post hoc analyses involved a hypothetical person with diabetes calculating an appropriate premeal bolus insulin dose, assuming a meal containing 60 g of carbohydrates and a target blood glucose level of 100 mg/dL. For each clinical trial, blood glucose measurement pairs (BGMS and YSI) from the trial were randomly sampled, and each was used in the dosing scenario, generating 2 insulin doses (1 based on the BGMS blood glucose measurement and 1 based on the YSI blood glucose measurement). When calculating the bolus insulin dose based on the YSI measurement, an insulin sensitivity input of 1/25 and an insulin:carbohydrate ratio input of 1/15 were used. When calculating the insulin dose based on the BGMS measurement, these initial inputs were adjusted using the proportion of error between the BGMS measurement and the YSI measurement. These adjustments were made to account for the fact that a personi with diabetes will compute these values using blood glucose measurements from a BGMS rather than from a laboratory reference method. The adjustment formula used was as follows: adjusted factor = original factor/(1 + p), where p = (BGMS -YSI)/YSI. The original factor was what the subject believed to be the truth; namely, the sensitivity factor = 1/25 and the insulin:carbohydrate factor = 1/15. The formula used in the computer model was as follows, where BG is blood glucose level: bolus insulin dose = [(current BG -target BG) × (adjusted insulin sensitivity factor)] + [(carbohydrate intake) × (adjusted insulin:carbohydrate ratio)].
Bolus insulin dose error was calculated as the difference between the doses calculated using the BGMS and YSI results. For each BGMS, bolus insulin dose errors were calculated for 20,000 randomly sampled measurement pairs (with replacement) to generate an empirical dose error distribution. With a large number of data points, this bootstrapping procedure was employed to provide a more robust dose error distribution than would have been generated using each of the BGMS measurements from the clinical trials once. Significant differences in dose error distributions were observed without the use of bootstrapping. The bootstrapping was performed to make sample sizes uniform across all meter systems; however, differences in those sample sizes were relatively small (differing by 1 or 2 subjects).
For both clinical trials, bolus insulin dose error distributions were generated for each BGMS in the trial. The median dose error and the 95% dose error range were used to describe the distribution of bolus insulin dose errors for each BGMS. The bolus insulin dose error distributions for EZ and CN were then compared with the dose error distributions for each of the other BGMSs in Clinical Trials 1 and 2, respectively, by using the Kolmogorov-Smirnov test to assess the differences for statistical significance.
Results
Clinical Trial 1
Blood Samples. One unmodified capillary fingertip blood sample from each of 146 subjects was included in this analysis. The blood glucose concentration of the 146 unmodified samples ranged from 50 mg/dL to 386 mg/dL, as measured on the YSI.
Insulin Dose Error. Using the blood glucose values measured in the clinical trial with the BGMSs and the blood glucose values measured with the YSI, appropriate premeal bolus insulin doses were calculated for a hypothetical person with diabetes. The median bolus insulin dose error and 95% dose error range for each BGMS are plotted in Figure 1 . Insulin underdosing is reflected by negative dose errors, and insulin overdosing is reflected by positive dose errors. In the plot, a central tendency (median bolus insulin dose error) nearest 0 units of insulin and a relatively small dispersion (shorter bar representing the 95% dose error range) would indicate more accurate bolus insulin dosing for that BGMS. The median dose errors, represented by solid white circles in Figure 1 , were as follows (in units of insulin): EZ, -0.1; ACA, 0.2; FFL, -1.0; OTU2, -1.5; and TT, -0.7. For each BGMS, the lower and upper limits of the 95% dose error range are represented by the termini of the horizontal bars in Figure 1 ; these values are shown in Table 1 . EZ was associated with a smaller bolus insulin dose error range than those of the other 4 BGMSs. Based on the bolus insulin dose error distributions, EZ was associated with a statistically significantly smaller range of dose errors than those of ACA, FFL, OTU2 and TT (Kolmogorov-Smirnov test; P <0.0001 for all 4 BGMSs).
Clinical Trial 2
Blood Samples. Three unmodified capillary fingertip blood samples from each of 146 subjects were included in this analysis. The YSI blood glucose concentration range of the 438 unmodified samples was 36 mg/dL to 408 mg/dL.
Insulin Dose Error.
The blood glucose values measured in the clinical trial with the BGMSs and those measured with the YSI were used to calculate the appropriate premeal bolus insulin doses for a hypothetical person with diabetes. The median bolus insulin dose error and 95% dose error range for each BGMS are plotted in Figure 2 . As in Figure 1 Figure 2 , are shown in Table 2 . CN was associated with a smaller bolus insulin dose error range than those of the other 5 BGMSs. Based on the bolus insulin dose error distributions, CN was associated with a statistically significantly smaller range of dose errors than those of ACAN, FSL, OTU2, OTVP, and TT (Kolmogorov-Smirnov test; P <0.0001 for all 5 BGMSs).
Discussion
Differences in BGMS accuracy were observed in the 2 prior clinical trials comparing both EZ and CN with several other BGMSs 11, 12 ; blood glucose measurement data from these trials were then used to determine bolus insulin dose errors for the post hoc analyses described here. Results from the first post hoc analysis from Clinical Trial 1 demonstrated that the range of bolus insulin dose errors was statistically significantly smaller with EZ than with ACA, FFL, OTU2, and TT. In the post hoc analysis from Clinical Trial 2, CN was associated with a range of bolus insulin dose errors that was statistically significantly smaller than those of ACAN, FSL, OTU2, OTVP, and TT. The 2 studies were conducted independently of each other and unequally sampled; however, there was no attempt to compare data between the 2 studies, so differences in sample size were not a concern.
According to the American Diabetes Association (ADA) Standards of Care in Diabetes guidelines, 13 SMBG results can be integrated into a diabetes management plan to help guide decisions related to medication adjustment, meal planning, and physical activity. These ADA guidelines note the particular importance of SMBG for people with diabetes who use multiple-dose insulin or insulin pump therapy, 13 as they use SMBG results to adjust their insulin dose. 14 In the past, a number of analyses have demonstrated that inaccurate BGMS results can lead to errors in insulin dosing. 3, 4, 7 As more recently published, errors in blood glucose readings may result in contraindicated treatment decisions. 9, 15 While large errors may result in clinically relevant differences in insulin dosing, even small measurement errors may combine to a substantial total effect due to factors that include human error, meter accuracy, test strip error, environmental and physiological conditions, and concomitant medication. 9, 15 Potential limitations of the post hoc analyses reported here should be considered when evaluating the results. There are other sources of error in calculating bolus insulin doses that were not considered in these analyses. Some possible sources of error relate to the many decisions that a person with diabetes who uses insulin must make every day, such as estimating carbohydrate intake, determining an appropriate insulin:carbohydrate ratio, or considering whether other circumstances may affect dosing (eg, dosing while sick). 6, 16 In addition, technological challenges, such as bolus calculators that may be complicated and a general lack of compatibility among devices, also have the potential to affect decision making for people with diabetes who use insulin therapy. 16 While outside the scope of this article, considerations for future research might include the potential impact on dosing error of people with diabetes who use multiple BGMSs. As we chose a deliberately simplistic insulin dose calculation model and selected 1 set of parameters to illustrate the point that BGMS measurement error can have an effect on insulin dosing error, we recognize that other factors could have an impact, including different patient types and different types of insulin. Herein, we discuss a model in which we examined the entire blood glucose range, although the potential consequences for insulin dosing decisions at low blood glucose values would be relevant and of interest and, in fact, previous models have focused on hypoglycemia, including severe hypoglycemia. 9 The results from our model demonstrate that BGMSs may read higher or lower than the YSI value, and it is possible that such differences could alter insulin dose. A broad assessment of the potential clinical relevance and implications of the findings from this model would be of interest, but further assessment is necessary to explore and validate findings of model-based approaches. 
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